The quality of the pseudopotential approximation has been tested thoroughly by calculating spectroscopic properties of the gold atom and ground state AuH for eight different effective core potentials using Hartree-Fock, second-order Mo "ller-Plesset and coupled cluster methods. The pseudopotential valence basis set ͕͖ v for Au was chosen to be identical for all pseudopotentials, a subset of the all-electron basis set ͕͖ v ʚ͕͖ AE , and the condition was applied that all sets are of near basis set limit quality. The pseudopotential results are compared with data obtained from nonrelativistic, scalar relativistic Douglas-Kroll and fully relativistic four-component all-electron calculations. The variation between the results obtained for all valence electron small-core pseudopotentials and all electron Douglas-Kroll calculations is found to be small ͑for the Stuttgart pseudopotential ⌬r e ϭ0.001 Å, ⌬D e ϭ0.03 eV, ⌬ e ϭ9 cm Ϫ1 , ⌬ e ϭ0.04 D͒. Sizable differences to all electron results are only found for the 11 valence electron large-core pseudopotentials. The effects of the basis set superposition error on spectroscopic constants were investigated. Calculated coupled cluster electron affinities and ionization potentials for gold and spectroscopic properties for AuH were found to be in excellent agreement with available experimental data. The variation between the different small-core pseudopotentials for one particular spectroscopic property is shown to be less than the error due to the incompleteness of electron correlation procedure or the basis set and approximately of the same size as the basis set superposition error. The results show that scalar relativistic effects for valence properties are perfectly described by the pseudopotential approximation.
I. INTRODUCTION
In the two previous papers in this series 1,2 the effects of the design of pseudopotentials on their performance, when compared with experimental data, has been examined in detail for the p-block element indium. The conclusions of these studies were that a large valence region ͑and hence smallcore pseudopotential͒ was desirable for the accurate determination of molecular properties. Other studies have come to the conclusion that the errors in pseudopotentials can be less than negligible. [3] [4] [5] As a result the performance of the commonly used pseudopotentials still remains somewhat uncertain, and as there are a number of research groups producing new pseudopotentials by a variety of different fitting techniques an investigation of the performance of the most commonly used pseudopotentials was felt necessary. To our opinion, however, whenever calculations revealed ''serious flaws'' in the pseudopotential approximation a number of important issues were disregarded. For example, large-core pseudopotentials which are well know to be not sufficiently accurate were used; 1 the pseudopotential fitting procedure was not accurate enough ͑e.g., the number of reference states chosen͒; 6, 7 scalar relativistic results were compared with fully relativistic calculations; basis sets used in the comparison were not of similar size ͑this is the most common error, see for example, Ref. 5͒; errors have been made in the allelectron calculations as is the case in Ref. 3 ; or nonlinear core corrections 8 were neglected when applying density functional theory ͑DFT͒ based pseudopotentials.
It is now well known that relativistic effects are important in heavy element containing compounds. 9, 10 The most widely used quantum chemical methods in heavy element chemistry is the pseudopotential approximation because it avoids the basis functions necessary for a description of the electronic core and for the inner nodal structure of the valence orbitals. Reviews on the application of pseudopotentials in heavy element chemistry have recently been given by Frenking et al. 11 and Pyykkö and Stoll. 12 Since relativistic operators act in the near vicinity of the nucleus where the pseudoorbitals exhibit the wrong nodal behavior, one may raise the question if relativistic effects can be described correctly within the pseudopotential approximation. However, it has been pointed out that relativistic perturbation operators have to be replaced by valence pseudooperators which correctly describe the relativistic effects in the valence space. 1, 13, 14 Such operators also have the advantage that they can be represented by simple linear combinations of Gaussian or exponential functions thus leading to oneelectron integrals which are easily implemented in current ab a͒ Author to whom correspondence should be addressed. Electronic mail: schwerd@ccu1.auckland.ac.nz initio or density functional program codes. Figure 1 shows previous correlated nonrelativistic and relativistic calculations for the bond distance of AuH. 15, 16 Whilst the relativistic values are close to the experimental bond distance of AuH (r e ϭ1.524 Å͒, 17 there seems to be a larger uncertainty for the bond distance at the nonrelativistic level ͑!͒.
In our previous work we discussed the importance of choosing the correct size of the core for the pseudopotential approximation.
1,2 In this paper we investigate the reliability of the relativistic approach to pseudopotentials for Au and AuH. We chose gold because scalar relativistic effects are extremely large ͑leading to the so-called gold maximum in the period from Cs to Rn͒, 9 and spin-orbit effects for gold molecules in the electronic ground state are very small and can safely be neglected. 18, 19 We mention that there are numerous other studies on AuH, 19, 20 see for example Fig. 1 . In a subsequent paper in this series we will investigate the accuracy of spin-orbit coupled pseudopotentials in detail. 21 In the following section we briefly review some general features of the effective core potential approximation. This was felt necessary considering our discussion of the various pseudopotentials used in this paper, but also because of the current misunderstandings of this method. In Sec. III we present the computational details and in Sec. IV we present and discuss our calculated results for Au and AuH. A conclusion is given in the last section.
II. THE EFFECTIVE CORE POTENTIAL APPROXIMATION
It is very convenient to introduce effective core potentials ͑ECP͒ by replacing the all-electron Hamiltonian of the system with a valence electron model Hamiltonian H v for n v valence electrons and N c cores ͑nuclei͒,
where V CV and V CC are the corresponding ECPs for the core-valence and core-core interactions, respectively. Strictly speaking, the Hamiltonian cannot be separated into a core, valence, and mixed core-valence Hamiltonian because electrons are indistinguishable. ECPs are therefore introduced at the independent particle model level ͑Phillips and Kleinman 1959͒. 22 But even at this level of approximation the Pauli principle between the core and valence electrons must still be satisfied, and ͑in contrast to the Hartree product͒ the Slater determinant is not separable into a simple product of core and valence Slater determinants. The generalized Phillips-Kleinman equation still couples valence and core orbitals and the term ''core-valence separation'' has to be understood in this context. Similar arguments apply for Kohn-Sham density functional theory 23 where the density cannot be separated into a valence and a core part. We refer to several important articles concerning these fundamental issues. 24 The different approximations to V CV and V CC will be discussed in the following. corrections and there are only a few articles concerned with core-core repulsion corrections, used especially for large core ECPs. [25] [26] [27] The size of this term at smaller bond distances is one reason for the preference of small-core ECPs. For example, a one-valence electron pseudopotential for Au ͓͑Pt͔-core͒ leads to bond distances for AuH and Au 2 which are 0.34 Å and 0.83 Å ͑!͒ too short because of the neglect of core-overlap effects. 28 The first term in Eq. ͑2͒ includes the well known ECP (V PP or V MP ) and corrections to core-valence correlation and core-polarization effects (V Pol ). The latter effects are either neglected in the ECP approximation or taken into account by a core polarization potential, 25 ,29
leading to corrections in the one-and two-electron integral part which substantially increases the computer time. ␣ D is the dipole polarizability of core a and f a is the field at core a produced by all other surrounding charges ͑electrons and cores͒. Higher order pole corrections can be added as well. 30 The r Ϫ4 dependence of the f a 2 term
needs the introduction of a cut-off function g leading to quite complicated one-electron integrals, 31 as implemented, for example, in the program package MOLPRO. 32 If a sufficiently small core is chosen core-polarization and core-valence correlation effects can safely be neglected. For example, a one-valence electron pseudopotential for Au leads to dissociation energies for AuH which is 0.6 eV too small because of the neglect of core-polarization and core-valence correlation effects. It is now clear that the effects of V CC and V Pol to molecular properties can only be neglected if a small core definition for the ECP is chosen. For Au a one-valence electron pseudopotential is clearly not a good choice and it will be seen in the next section if the choice of 11 valence electrons for Au (5d   10   6s 1 ) is sufficient for the treatment of AuH.
For the choice of V CV a (r ai ) for atom a we distinguish between ͑ab initio͒ model potentials ͑MP͒ of Hyzinaga and co-workers, 33 which retain the inner nodal structure of the valence orbital, and pseudopotentials using nodeless valence orbitals ͑also called pseudo-orbitals͒. 34 Both ECP approximations are closely connected to the more general PhillipsKleinman potential. 22, 35 In this paper we are only concerned with PPs. For a general introduction to the less widely used MP method, which is for example implemented in the MOLCAS4 program package, 36 and its relativistic extension, see Ref. 37 . A comparison between PPs and MPs are given in Ref. 38 . However, we mention that relativistic perturbation operators can in principle be directly used in the MP procedure since the orbitals retain their inner nodal structure.
We may choose the following local form for a PP at atom a,
where the interaction with the core is modeled by a linear combination of N fit fit functions. The pseudopotential V PP a ͑5͒ can be extended from a local to a semilocal or even nonlocal form as we shall see. There are various fitting techniques for Eq. ͑5͒ and its extensions. The fit functions g n are usually chosen as Gaussian functions for the purpose of straight forward integral evaluation. 39 It is clear the semi-or nonlocal approximations allow for more flexibility in the adjustment procedure compared to local PPs. There is, however, another reason for not choosing local PPs. Consider a system with only one valence electron. The radial valence Hamiltonian is
where V PP (r) is a local PP. Considering two different angular symmetries l and lЈϭlϩ1 we can write
Since the operator on the right-hand side of Eq. ͑7͒ is positive we obtain the inequality for the eigenvalues,
with the eigenfunctions f i (l) to H V (l) . The first inequality follows directly from Eq. ͑7͒ whilst the second inequality follows from the variational principle. Equation ͑8͒ implies that within a fixed principal quantum number for a pseudovalence system a local approximation cannot alter the sequence in the angular momentum symmetries, i.e., we always obtain ⑀ s р⑀ p р⑀ d р . . . for the lowest eigenstates of each symmetry. To illustrate this we consider the Ca ϩ 4s→3d first valence excitation energy ͑13 650 cm Ϫ1 ) which is below the 4s→4p ͑25 192 cm Ϫ1 ) second valence excitation energy. 40 This situation cannot correctly be described by a two valence electron local PP. The proof outlined here only holds for one-valence electron systems but similar difficulties are obtained for the multielectron case. 41 One should therefore choose l-dependent ͑semilocal͒ PPs.
Semilocal PPs are most widely used and chosen in the following form for atom a, 
͑9͒
with the operator
projecting onto the Hilbert subspace of angular momentum l with respect to atom a; and in Eq. ͑9͒ m is an integer with mуϪ2. It is a matter of choice if a local part ͓first term in Eq. ͑9͔͒ is included in the PP or not. The summation in the semilocal part ͓second term in Eq. ͑9͔͒ is often carried out to L max ϭmax͕l core ͖, the maximum angular momentum found in the core orbital space. 42 For the accuracy of the PP, however, it is often necessary to sum up to L max Ͼmax͕l core ͖. This is especially the case if large-core PPs are used or if the local part in Eq. ͑9͒ is neglected.
The following fit procedures are currently in use which distinguishes the different types of PPs:
͑a͒ Energy consistent pseudopotentials ͑ECPP͒. Here the PP parameters in Eq. ͑9͒ are adjusted to the spectrum of a specific atom a. This technique is used extensively by the Stuttgart group 43 where a least-squares fit to numerically obtained ionization potentials, electron affinities, and excitation energies ⌬E i AE for the neutral and various charged ions of atom a is carried out,
In most cases only up to two Gaussians (N SL ϭ2) per angular symmetry l are required for this fitting technique. Reference energies are either taken from nonrelativistic allelectron ͑AE͒ numerical HF calculations yielding nonrelativistic pseudopotentials ͑NRPP͒ or from all-electron numerical relativistic procedures yielding scalar ͑or averaged͒ relativistic pseudopotentials ͑ARPP͒ if spin-orbit splitting is neglected. Deviations from the reference spectrum are usually in the order of 0.1 eV or less for the important valence space if small-core PP are used. ͑b͒ Shape consistent pseudopotentials ͑SCPP͒. In this case the parameters in Eq. ͑9͒ are adjusted in such a way that the valence orbitals of each symmetry are reproduced above a certain cut-off radius R c . There are different techniques to achieve this. Hay, Wadt, and Christiansen et al. modify the all-electron wave function in the core region to become nodeless. The pseudopotential HF equations are then used to reproduce these nodeless pseudoorbitals by adjusting the parameters in Eq. ͑9͒. This requires inversion of the Fock equation. The disadvantage of this procedure is that the inversion of the Fock equation produces l-dependent pseudopotentials which require a larger number of Gaussian in the fit procedure. This is avoided in a technique first applied by the Toulouse group 44 and later used by Stevens, Basch, Krauss, and co-workers. Here the 2-norm ʈOʈ 2 of the following operator is minimized:
͑12͒
The so-called norm-conserving pseudopotential ͑NCPP͒ is a variant of the shape consistent PP developed by Bachelet, Schlüter, and co-workers. 45 Our previous work showed that energy adjusted PPs lead to accurate ionization potentials and excitation energies and reproduce the pseudo-orbitals extremely well in regions R ϾR c , whilst shape consistent pseudopotentials can deviate from all-electron energies by 0.2 eV or more.
1,2 Therefore, Maron and Teichteil very recently explored a multireference fitting procedure for SCPPs which significantly improves the spectrum of an atom. 13 A different version of a semilocal PP derived from the normconserving fitting technique has been introduced by Titov, which he terms generalized pseudopotentials. 46 In this case the orbital space is divided into a core part, an outer core part and a valence part. Very recently Titov et al. demonstrated that he can reproduce the valence spectrum of the Hg atom by one order of magnitude more accurate compared to the common semilocal PPs. 47 If this provides a considerable improvement compared to small-core energy consistent or multi-configurational shape consistent PPs for molecules has to be seen. 48 Nonlocal PPs are only used in the context of improved integral evaluation, i.e., semilocal PPs can be transformed to a linear combination of Gaussian type nonlocal operators which reduces matrix elements to a simple linear combination of overlap integrals ͑as in the case for MPs͒. 49 We finally address the problem of electron correlation in pseudopotential theory. Consider a two-electron, two orbital system with double substitution only. We obtain for the electron correlation energy, 
If we adjust the pseudopotential in such a way that ⌬⑀(PP) ϭ⌬⑀(AE) we see that the difference between the allelectron and pseudopotential electron correlation is critically dependent on the HOMO-LUMO exchange K HL . Indeed, both Teichteil et al. 50 and Pittel and Schwarz 51 found that K HL (PP)ϾK HL (AE) by up to 10% due to the nodeless structure of the pseudo-orbitals. This leads to an overestimation of the electron correlation contribution. A recent study by Dolg supports this argument. 52 We note that accurately adjusted small core pseudopotentials may reduce this deficiency significantly and the simple model ͓Eq. ͑14͔͒ may not be applied for many-electron systems or for differences in energies.
III. COMPUTATIONAL DETAILS
The Hartree-Fock ͑HF͒, Mo "ller-Plesset second-order ͑MP2͒, coupled cluster singles-doubles ͑CCSD͒ and CCSD including triples perturbatively ͑CCSD͑T͒͒ methods using seven different scalar relativistic pseudopotentials were employed to calculate the spectroscopic properties of Au, Au ϩ , and AuH. The pseudopotentials commonly used in ab initio and density functional calculations are listed in Table I . In addition we carried out nonrelativistic HF, scalar relativistic Douglas-Kroll ͑DK͒ HF ͑Ref. 53͒ and four-component Dirac-Hartree-Fock ͑DHF͒ all electron calculations as well as correlated calculations with these wave functions as references. For the all-electron calculations the uncontracted 25s23p14d10f basis set of Laerdahl et al. 54 was used for gold with the modifications notes in Ref. 18 . For the PP calculations a subset of the all-electron basis set was employed for gold. It was generated by removing the highest exponent functions of the all-electron basis set to give an uncontracted 11s10p7d5 f basis set. The high exponent functions left out in the PP calculations change the total energy by less than 10 Ϫ3 a.u. and do not alter noticeably our calculated atomic and molecular properties. For hydrogen a Dunning augmented triple-zeta basis set without the diffuse f function was used; uncontracted for all calculations. The GAUSSIAN98 ͑Ref. 55͒ and MOLCAS4 ͑Ref. 36͒ packages were used for all one-component calculations while the DIRAC ͑Ref. 56͒ program suite was used for all four-component calculations. The same active space was kept for all the correlated calculations and included all 20 valence electrons and all virtual orbitals up to 100 a.u. unless stated otherwise. We note that in the relativistic all-electron calculations the 4 f shell lies energetically above the 5s shell and ͑if not mentioned otherwise͒ was not included in the active space. The counterpoise correction 57 was applied in order to correct the results for the basis set superposition error ͑BSSE͒ at various levels of approximation. At the PP and DK level a 13 point potential energy curve was produced around the pre-optimized equilibrium geometry of AuH. A rotational-vibrational analysis was then carried out using the Numerov-Cooley procedure as implemented in MOLCAS4. 36 The expense of the DHF calculations ͑approximately an order of magnitude higher than the DK calculations͒ precluded the calculation of a more accurate potential energy surface. Instead the force constant (k e ), dissociation energy (D e ), and equilibrium geometry (r e ) were calculated by a quadratic fit to three points at exactly rϭr e and rϭr 3 Ϯ0.01 Å.
Polarizabilities were calculated for Au and Au ϩ using the finite field method with point charges of Ϯ5, Ϯ10, and Ϯ20 a.u. placed at Ϯ100 a.u. from the atomic center. This technique allows the efficient calculation of CCSD͑T͒ polarizabilities.
IV. RESULTS AND DISCUSSION
The calculated atomic properties for a variety of PPs in comparison with all-electron results are given in Table II . We note that our all-electron DK and DHF CCSD͑T͒ ionization potentials ͑IP͒ and electron affinities ͑EA͒ are in excellent agreement with the more precise Fock-space CCSD DHF plus Breit correction results of Eliav et al. 58 At the HF level all PPs yield results in excellent agreement with the all-electron IPs and EAs for Au even for the large core PPs. For the energy adjusted PPs this is of course expected.
1 At the correlated level we obtain a similar picture perhaps with the exception of the HW 11 PP. Compared to the all-electron DK or fully relativistic DHF results we cannot detect significant overestimation of electron correlation effects by the pseudopotential method for either the IP or EA of gold. The static dipole polarizability of atoms and ions is a property that is sensitive to the accuracy of the wave function in the valence region 59, 60 and is therefore ideal to demonstrate the accuracy of the pseudopotential approximation at the atomic level. As shown in Table II the variation in all the sets of data are relatively small for all small-core PPs and the data are in good agreement with the more extensive allelectron calculations. Perhaps the only exception is the HW19 PP, where the polarizability for neutral gold is underestimated by Ϸ2% at the CCSD͑T͒ level while the HW11 PP overestimates the polarizability by approximately the same amount. A comparison with the other pseudopotentials points to deficiencies in the fitting procedure. The relativistic results for the other pseudopotentials show no significant deviations from the AE data and are of similar quality compared to the nonrelativistic results, thus supporting the idea that relativistic effects can safely be incorporated into the pseudopotential approximation without any major difficulties.
We mention that the change in the polarizability due to electron correlation, relativistic effects or change in the type of pseudopotential applied is inversely proportional to the change in the ionization potential. This relationship between the polarizability and the ionization potential has previously been pointed out. 59, 61 Hence, if the ionization potential is too low the polarizability is too high as in the case of HW11 PP. This may lead to an overestimation of dispersion interactions in weakly interacting systems. Hence, it is important that ionization potentials ͑and excitation energies͒ are correctly obtained in the pseudopotential fit procedure as this is case for the ECPPs.
At both the all-electron relativistic DK and nonrelativistic level of theory we explored electron correlation contributions coming from different subspaces of the (4 f 5s5p5d) core of gold. The results are shown in Table II . The data clearly show that an accurate polarizability for neutral Au is only obtained if correlation from the (5s5 p) core is included, especially at the relativistic level. For example, both the ionization potential and the electron affinity of Au are underestimated if the (5s5 p) electrons are not explicitely correlated which reflects the situation in the 11 valence electron PPs. Thus the use of large core PPs for gold will not be a good choice unless core-polarization and core-valence correlation is included in the form of for example Eq. ͑3͒. The latter choice, however, may still not be sufficient because the (5s5 p) orbitals considerably overlap with the (5d6s) orbitals.
The question remains if pseudopotentials can successfully be transferred from the atomic to the molecular level. The spectroscopic constants for AuH calculated for the individual pseudopotentials and all-electron methods at the HF and MP2 levels are compared in Tables III and IV. The maximum and minimum deviations are shown in Table V . The coupled cluster calculations for both the NR and R Stuttgart PPs are shown in Table VI The minute larger deviations between the two relativistic procedures ͑DK and ARPP͒ compared to the nonrelativistic values for some properties can easily originate from the different definition of the scalar relativistic operator used, i.e., J-averaging energies, densities, orbitals or using truncated scalar relativistic operators will lead to different results.
͑ii͒ The deviations at the correlated level are not significantly larger compared to the deviations at the HF level except perhaps for the AuH dissociation energy. 19 valence electron PPs overestimate correlation effects for the dissociation energy but this effect is relatively small ͑Ϸ0.1 eV for Sta19͒ compared to basis set incompleteness, basis set superposition errors ͑see below͒ or insufficient treatment of electron correlation.
͑iii͒ The 11 valence electron PPs give inferior results and show large errors in many properties, especially the dissociation energy which is severely underestimated due to the neglect of core-valence correlation and core-polarization effects. As mentioned before, the (5s5 p) and (5d6s) charge distributions are not well separated. Furthermore, a pseudoorbital transformation for the 6s orbital leads to large changes in the inner part of the density where one still expects large overlap with the 5d orbital leading to errors in the 6s -5d interaction at both the SCF and correlated level.
BSSE effects change the bond lengths to values closer to the experimentally determined result. The results clearly show that when large basis sets and high-level correlation techniques, such as CCSD͑T͒, are combined it is possible to achieve near-experimental accuracy using the pseudopotential approximation. Further accuracy will be achieved if g or higher momentum functions are included in the basis set. 62 The comparison of DHF, DK, and PP methods proves that for AuH spin-orbit effects are minor, as there is no significant difference between the 4-component and scalar relativistic DK calculations except for the dissociation energy at the MP2 level. Lee et al. showed that spin-orbit coupling is estimated to contribute Ͻ0.001 Å to r e , Ͻ7 cm Ϫ1 to e , and Ͻ0.03 eV to D e for AuH. 19 Spin-orbit coupling effects in pseudopotential theory is the subject of a subsequent paper in this series.
V. CONCLUSIONS
The variation between the scalar relativistic all electron and pseudopotential calculations is too small to be regarded as significant. Our results demonstrate that pseudopotentials are capable of yielding results which are not significantly different to all-electron calculations. It is also apparent that the correct choice of the core size is important. The large core ͑11 VE͒ pseudopotentials show sizeable differences when compared with the AE and 19 VE PP results. We therefore conclude that the relativistic pseudopotential method is an accurate, reliable and very efficient alternative to more computer intensive all-electron relativistic methods. ) is not corrected for zero-point vibrational energy contributions ͑ZPVE͒, i.e., the ZPVE was subtracted from the experimental dissociation energy of D 0 ϭ3.22 eV. ϩBSSE denotes that the basis set superposition error has been incorporated using the counterpoise method ͑Ref. 57͒.
